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I. INTRODUCTION
Steels used in engineering structures are capable of fractur.
ing in two distinct metallurgical modes, depending upon the circum.
stances under which they have been strained: the ductile mode, in
which the microscopic structure of the metal undergoes severe dis.
tortions over a large portion of the specimen, and the brittle mode,
in which a comparatively small volume of material is distorted perma.
nently. The ductile mode occurs when conditions permit slip deforma.
tions at the imperfections in the crystal lattice of the material.
These slip deformations are actuated by the shear stresses along the
potential slip planes. In the event that such slip deformations are
impeded, the material continues to deform elastically under additional
external load. Or, the straining may be imposed more rapidly than the
rate at which the internal process of slip will take place. In this
case a build-up of internal stresses accompanies the plastic flow,
and becomes externally visible as a raise in the applied load. In
both cases the elevation of stress within the material may cause the
onset of the second mode of fracture cleavage, in which the material
is separated along the faces of the lattice cubes. .However, the
overall uniform elevation of stress is not sufficient to produce this
phenomenon. It is rather the locally concentrated tensile stresses
near certain discontinuities (cracks, voids, inclusions) which trigger
cleavage. Then, if the external agencies and the specimen itself act
in such a way that the stress at the tip of the newly extended crack.-.
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is maintained at the value causing cleavage, the crack spteads very
rapidly and causes a brittle fracture.
There are additional factors which complicate this simple
representation. One such factor is the speed at which the crack
travels, resulting in certain changes in the static distribution of
stress in the specimen. Dynamic stress distributions have been cal-
culated by several authors, for the case of infinite plates in plane
extension. Other cases have not yet been solved.
Another possible effect of the great speed (up to 6000 ft/sec.)
at which cracks travel is to reduce the participation of the external
agents (machine grips) and of the remote portions of the specimen, in
maintaining the cleavage stress at the crack tip. This problem has
also been attacked by at least one author.
Finally, it is significant that even in a brittle fracture
a certain percentage of the material is ruptured in a ductile manner.
Because of the adiabatic conditions created by the great speed, this
rupture takes place under less stress but, nevertheless, does delay
the propagation of cleavage. Often, the delayed zones are concentrated
at the surface of the plate, where plastic flow is less restrained, and
the cleavage crack runs at a greater speed along the center of the
plate. This gives rise to the common "shear lip" appearance.
Cleavage cracks are sometimes arrested within the specimen.
This happens when the stress at the crack tip can no longer be main-
tained at the sufficient level. Generally, this requires the prior
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formation of regions of compressive residual stresses in the specimen.
Another method of arresting crack formation is to artificially gener-
ate a crack at one end of the specimen, while the rest of the specimen
is maintained at a tensile stress so low that it will barely maintain
the critical cleavage stress ~ Crack arrestors in the form of local re-
inforcements of the specimen cross-section have also been used.
The initiation of a cleavage crack and its arrest are thought
to depend respectively on the establishment and the cessation of the
~ critical condition at the crack tip. The condition most frequently
proposed is that of a critical cleavage stress. Cleavage begins when
this stress is reached and stops when this stress cannot be maintained.
Between these two .points, the brittle crack progresses at a variable
speed. It has been shown experimentally that the crack accelerates
when the specimen is tested in conditions which will supply an excess
of tensile stresses at the crack tip and that it slows down in the
opposite case. This happens when the crack proceeds from a region of
high tensile stress to a region of low tensile, or compressive stress.
Again, the velocity of the crack aggravates this condition. At higher
speeds, the material at the crack tip is subjected to higher strain
rates. Consequently, plastic flow is inhibited and the stress concen-
tration at the crack tip becomes more acute. This, in turn, facilitates
cleavage. On the contrary, slow cracks impose lower strain rates which
are more favorable to the relaxation of the crack tip stresses through
plastic flow.
I
I
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It is therefore especially important to be able to predict
the critical conditions under which cleavage will be initiated. Accord-
ing to the above explanation, it would be sufficient to predict when
the critical cleavage stress will be reached at some point in the mate-
1 2
rial. One such prediction has been made by Hendrickson, Wood and Clark'
and successfully verified by experiments. These authors performed elas-
tic plastic analyses of the stress distribution in a typical IZOD speci-
men and determined the peak stress behind the notch as a function of the
uniaxial yield stress of the material. (The peak stress rises above the
uniaxial yield stress because of the biaxial distribution obtained be-
hind the notch.) This calculation showed that the critical cleavage
stress would be reached if the yield stress were raised to a certain
value. Thus, from a plot of uniaxial yield stress versus temperature,
it was possible to estimate the temperature below which cleavage would
be initiated at the base of the notch. The strain rate prevailing at
that location in a typical IZOD test had to be taken into account, as
it would also affect the yield stress.
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I Similar studies of a more comprehensive nature have been con-
ducted in Japan by Yoshiki and Kanazawa, and also by Akida and Ikeda,
These have been reviewed in Reference 12,I
I
I
A somewhat different approach is the one adopted in this
country by Irwin and his collaborators. Initially proposed by Griffith
in 1920 in relation to the fracture of glass-like materials, this
approach was applied to the case of structural steels by Orowan in theI
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1950's. According to this concept, the fracturing of a given area of
steel requires a certain amount of mechanical work to be performed on
that area. Even in the most rapid cleavage cracks, where the material
on either side of the plane of the crack does not seem to be greatly
distorted, a measurable amount of irrecoverable energy is absorbed.
Naturally, this amount is much smaller than the corresponding quantity
in the ductile tearing of a crack. In the latter case the thickness
of the "plastic layer" is considerably greater. There have been specu-
lations and even detailed evaluations of the amount of energy absorbed
in the vicinity of a brittle crack.3,4,5
Orowan's theory equates this energy requirement to the energy
contributed by the combined external loading and the internal stress
field during the displacements caused by a small crack extension. The
latter contributions can be calculated from the particulars of the
problem. The crack will extend if this value equals or exceeds the
plastic surface energy requirement.
In subsequent developments, Irwin 6,7 found certain computa-
tional advantages in replacing the energy release parameter by another
parameter which expresses the intensity of the stress field around the
crack. In linear elastic materials; the calculation of the "Strain-
Energy-Release-Rate" dW/dc would involve the integration of stresses
over the entire volume of the body. Irwin was able to show how dW/dc
could be obtained directly from the stress field surrounding the crack,
without integration. Since then, his parameter K ; IE .dW/dc has been
I
I . . -6-
I evaluated for a number of specimen 'configurations. This quantity is
I again compared to a quantity K which is assumed to be a material con-c
stant. In this way, materials have been classified on the "toughness"
I scale according to their K value. Tough materials owe their greaterc
I
K rating to the plasticity which develops at the tip of the crack. On
c
the other hand, the linear elastic stress field used in the calculation
I of K does not allow for plasticity. To date, this discrepancy has been
hand led only in an empirica 1 way.
I
I
Another difficulty is the variation of K with strain rate.
c
It was pointed out earlier that in steel, the rate of load application
affects the value of the "surface plastic work" through its effect on
I the yield stress. Research done so far by Irwin and his associates
I
has been concerned with the case where there is no slow (ductile)
I
crack extension prior to the onset of cleavage. In the tests performed
by these authors, 8 an impact device was used to load the specimens.
However, other researchers have reported that when structural steels
I are tested in conventional testing machines, slow crack extension takes
place even from the sharpest notches. As far as material evaluation is
I concerned the difference between the two cases is immaterial. However,
I
the self-acceleration of a ductile crack into a cleavage fracture is a
case occurring in service fai lures, and it is desirab Ie to understand
I the mechanics of this phenomenon. Indeed, in a statically loaded steel
structure, local yielding of the material at points of stress concentra-
I tion (sharp corners, cracks, weld defects) is unavoidable. Under static
I
I
I
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I overloads, a slow extension of these cracks into the surrounding plasti-
I fied material will take place, not by virtue of critical crack lengthconsiderations, but by exhaustion of the ductility at the crack tip.
I Whether this increment of rupture will trigger a cleavage type of
failure or not depends on whether the temporary elevation of yield
I stress due to strain-rate effects is severe enough to set up cleavage-
I
level stresses in the material. It is well known that once cleavage
is triggered in this fashion, its propagation into the structure is
I possible even at very low levels of applied stress.
I
Despite its computational advantage in the purely elastic
case) the use of the "KIl parameter does not seem to have any special
I relevance in the problem at hand. In the elastic case, the energy
release per unit crack extension and the intensity of the crack-tip
I stress singularity (as measured by K) are directly and simply related.
I
No such relationship has been established for the inelastic case,
except for an approximate formula which holds when the zone of plas-
I ticity is small. On the other hand, the energy parameter itself ismore easily obtained from experimental data, and it continues to
I characterize the toughness of the material even in the plastic case.
Furthermore, in the case of the strain-rate-sen$itive materials, the
I introduction of the crack speed in the following way:
I dWdc dcdt W
I
convenient ly transforms it into units of power, and creates the possib-
ility of dispehsing with crack speed measurements. For these reasons,
I the energy parameter has been used throughout this report.
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II. POWER ABSORPTION DURING DUCTILE RUPTUR
According to the concept adopted by several authors and out-
lined in Section I, the "toughness" of the material will be defined as
the irrecoverable energy absorbed by a specimen during a unit extension
of the crack area. In elastic-brittle materials such as glass, this is
the energy associated with surface tension on the newly created crack
surfaces. In metals, it consists of the plastic work performed on all
elements which are deforme,d during a unit advancement of the crack.
Any changes in the elastic energy stored in the elements are not included.
Ideally, it should be possible to calculate the energy absorp-
tion from a knowledge of the stress-strain relationship and of specimen
geometry alone. However, the most advanced techniques of the Theory of
Elasticity must be used, even for the simple case of the purely elastic
notched beam. At present, a few solutions are available for elastic-
plastic and rigid-plastic specimens of certain common shapes. However,
the problem of the non-linear ly strain hardening beam, and more im-
portantly, the problem of the beam in which flow properties depend on
a non-uniform strain rate field, are stiii intractable. In view of
this, a different approach has been in use in toughness determinations:
toughness is experimentally measured as a separate property of the
material. When the zone of plasticity at the crack tip is negligibly
small, the expressions relating energy release rate to the ambient
stress and to the crack length are applicable, and therefore, only the
latter two quantities need be measured in a test. Measurements are
-8-
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I taken at the instant preceding sudden cracking, at which time the energy
I
release rate is just equal to the rate of absorption on the crack sur-
faces.
I In the case of extensive plasticity and non-uniform material
properties, the energy release rate must be computed from the overall
I performance of the specimen, without reference to the internal stresses,
I
which cannot be calculated. In this Section, the method for finding the
energy release rate in elastic bodies is reviewed and is extended to the
I inelastic case. The case of the elastic body has been previously treatedb 0 3 I . 6 d 9 10y rowan, rwin, San ers , Kanazawa and .othe:rs.
I a) Energy Release Rate in an Elastic Body
I According to the physical model used in this derivation, an
all-elastic specimen is subjected to forces F., and the resulting de-i
I formation causes the points of application of these forces to move through
I
the distances i., measured in the direction of F.. The generic symbols 
F and i will be used in the remainder, with the understanding that
I summation applies to scalar quantities when more than one force is pre-sent.
I The "compliance" of the specimen is the ratio:
I M ; lF (1)
I which indicates the response to the applied loads. Compliance is a
function of the extent to which the specimen is cracked. The present
I derivation is not concerned with the theoretical determination of this
I
I
I
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I function, since this would require the knowledge of the stress and dis-
placement fields within the specimen. Likewise, the criterion which
I governs the extension of the crack (whether a limiting stress, or a
I
limiting strain, or other condition) is left unspecified, although
for other purposes a criterion of li.miting strain is assumed in
I other parts of this report.
I
The quantities ~, M and F completely describe the state of
the specimen at any time during the process of fracture, provided this
I process is slow enough to eliminate dynamical factors. In particular,
the strain energy stored in the specimen is given by:
I
u =
1 2
-~
2 (2)
I In the case where the crack length (and consequently, the
I compliance M) remain unchanged, further loadings and unloadings of the
specimen entail completely recoverable exchanges of energy between the
I external loads and the specimen, without any loss. Such processes
I
take place along lines 0 - 1, 2 - 0, 0 - 3, etc., in Fig. lao Figures
Ib and lc describe the so-called fixed-grip cracking (point of applica-
I tion of F held fixed during cracking) and constant-load cracking, re-spectively. Figure la illustrates the test in which the deformation
I ~ is controlled and the resulting force F measured (1 - 2, 3 - 4, etc.).
I
The following formulas apply to any type of interdependence between F
and~. If, during the time dt, the quantities F, M and ~ take the in-
I
crements dF, dM and d~, the change in the elastic strain energy is
found by differentiating (2):
I
I
I
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I
dU = 1 2M.F .dF + 2" F.dM
The increment of work contributed by the external load is:
I
dV = F .dt
Since dU is essentially recoverable, only that part of dV in excess
I of dU will be spent in creating the new crack surfaces. Hence:
I dW
1 2
F.dt - M.F.dF - ïF.dM (3)
I
But, in view of (1) , dM can be expressed as:
dM = dt t.dF
F - FT
Substituting (1) and (4) in (3) , dW is obtained as:
dW 1 (F .dt - t.dF)= 2
(4)
I
I (5)
I Di viding by the crack extension dc one would obtain the energy re leasedW
rate dc' Alternatively, division by dt yields the power parameter:
I
W
1 .
ï(F.t - LF) (6)
I b) Extension to the Inelastic Case
I In part a) it was assumed that the bulk of the specimen
remained elastic, plasticity being limited to the immediate vicinity
I of the crack tip.
I When this is no longer true, the load-deformation diagram
shows the presence of permanent deformations upon unloading (portions
I
I
o - 3, 0 - 6 in Fig. 2). Otherwise, the unloading behavior is linear
as before, and is characterized by the "complince" M, which depends on
I
I
I
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crack length only. From Fig. 2, the deformation under the load F and
wI.th compliance M, is:
t = M.F + i. (6a)
The quantities M and dM will now be obtained from this equation rather
than (1):
I M = t-À
F
dM = dt -dÀ
F
t-À. dF
FT'
I Since the recoverable strain energy is still given by Eq. (2)
I
I
I
and the contribution of the external load by dV = F .dt, Eq. (3) remains
unchanged. Substituting the above values of M and dM into (3), and
dividing by dt:
w =
1 .
2"(F .t
1 .
t.F) + 2"(F.À + À.F) (7)
I
In Section 3 Some test results will be presented, from
which it appears that after the onset of ductile cracking (point 1
I in Figs. 1 and 2), the quantity dÀ/dt is not far from unity, at
least for the particular specimens used in these tests. Replacing
I dÀ by dt in Eq. (7) yields a simpler expression:
I W = F.t t-À'-F2 (8)
I In order to simplify this further, the second term on the
right may be dropped, upon comparing its magnitude with the first
I term. The latter simplification, which results in
I W = F ..i, (9)
amounts to considering the material as rigid-plastic.
I
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It is emphasized that these simplifications are contingent
upon the choice of specimen and the properties of the material, and
that only Eq. (7) must be regarded as fundamental.
c) Dependence Upon Net Section Depth
In specimens in which the net section beyond the crack
front is completely plastified, it is not possible to dissociate the
energy absorption in the elements which finally rupture, from the ab-
sorption in the elements which are plastically strained but do not
rupture. Moreover, the latter portion of the total absorption will
dominate, since it involves a larger volume of material. On the other
hand, in the case of specimens in which only the material in the
vicinity of the crack is plastified, this fact will be reflected in
.
the smallness of the total absorption.
To eliminate the dependence of the tota 1 absorption on
specimen size in the case of net section yielding, the absorption
values will be divided by net section depth. The significance of
the resulting parameter will be discussed in Sectton iv.
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
III. DESCRIPTION OF TH TESTS
a) Te sting Arr angemen t
In order to ensure the successful initiation of cleavage,
the testing arrangement must be able to rupture the specimen at in-
creasing speed, unti 1 a strain rate is reached which wi 11 set up
stresses of the required intensity within the material. The quan-
tities F, t, F, t, entering Eq. (7) must be measured at this in-
stant.
In these tests, the acceleration of ductile fracture was
achieved by inserting coil springs between the specimen and the test-
ing machine. The displacement t and its time rate were measured as
the output of strain gages mounted on the spring material.
Details of the testing arrangement are shown in Figure 3.
The specimen was supported o~ two high strength steel rollers which
were p laced on the tops of two spring systems, each comprising a
pair of helicoidal springs and an adjustable central stop. This unit
was placed on the platform of the testing machine, (Tinius-Olsen, 120
kip capacity, in this instance). The downward speed of the plunger rod
was set so as to obtain a slow, steady rate of straining in the loading
and initial unloading phases of the test. This speed was negligibly
small in comparison to the velocity with which the supports moved upward,
once the springs were set into motion later in the test.
The output of the strain gages located on the springs was fed
-14-
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I
to the y-axis channel of a Dumont Type 304-A oscilloscope after a
first stage amplification. (Ellis Bridge Amplifier Model BAM-I).
A recurring sweep of sui tab le frequency was set up along the x-axis.
The resulting trace consisted of a series of curves (Figs. 8 - 15)
which were photographed with a camera mounted on the oscilloscope
(Fairchild-Polaroid Model F-284). These curves yielded a plot of
the elongation of the springs (or specimen deflection) versus time.
The loads were read on the dial of the testing machine and recorded
separate ly.
I
I
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b) Specimens
Specimens were machined from a I-in. thick plate of semi-
killed, hot rolled, plain carbon steel having the following chemical
composition:
I C ~
0.49
P
0.01
S Si
0.04.
Ni
0.04
Cr
0.01
~
0.01
A~
.0.0070.2% 0.018
I
I
Preliminary testing showed that this material was in such a brittle
condition that it was impossible to break specimens in a ductile manner
at room temperature) even under the s lowest rates of straining that
could be delivered by the testing machine. In order to improve this
situation, subsequent specimens were brine-quenched after heating in
o
a 165 F furnace fo~ one hour. This treatment markedly increased the
resistance to cleavage initiation. In this way, specimens could be
s low-ruptured wi thout triggering premature failures.
I
I
I
I Another batch of specimens was made from commercially avail-
I
I
I
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I
I able quenched and tempered alloy steel. (Tl Stee 1 made by USS Co.)
These two materials will hereafter be referred to as AR and Tl res-
I pectively. In Fig. 4 the stress_strain properties of the two steels
I
are compared. Steel Tl had a sharper yield point knee, and higher
ultimate strength.
I In order to compare the fracture properties of the two
steels by conventional standards, a series of 27 standard Charpy
I specimens of steel AR (quenched) were broken over a temperature range
I
o
of 300 F. The energy values show considerab Ie scatter and do not lend
themselves to a determination of the transition temperature. The frac-
I ture appearance values, however, indicate a transition at +17SoF
(Fig. 5). Comparison with Tl shows the considerable difference in
I the brittleness of the two steels.
I c) Testing Procedure
Initially, the oscilloscope signal was calibrated in the x
I and y directions. The x-direction calibration was made in order to
I
obtain a desired sweep frequency. The y-direction calibration, which
related signal rise to the spring elongation, was recorded by the
I camera as a series of parallel lines, the intervals of which corres-
ponded to known spring elongations. During this phase the specimen
I was rep laced by a heavy steel bar which would not deflect noticeably.
I Following the calibration, the specimen was inserted abovethe springs and s lowly loaded to maximum load. The crosshead speed
I was set sufficiently low to prevent accidental initiation of cleavage.
I
I
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After passing through a maximum, the load dropped gr.adually
due to the progressing ductile crack. At the load at which spring
release would occur, the shutter of the oscillograph camera was
opened. The spring release forced the supports upward at increas-
ing speed until cleavage was induced in the specimen. This was marked
by an abrupt increase in the upward velocity of the spring which was
recorded on the oscillograph record. Typical records obtained in this
way are reproduced in Figs. 8 - 15.
It was possible to produce the onset of cleavage at any
desired location in the specimen by delaying the spring release until
the ductile crack had progressed to that location. This was done by
setting the adjustable stops at a height which would prevent the com-
plete closing of the coils of the springs. At all loads above the
one corresponding to this spring compression, the specimen was fully
supported by the stops. Thus, the springs did not start to expand
until this stage was reached.
The stiffness of the springs could be varied from test to
test by using several combinations:
(1) SINGLE, SIMULTANEOUS: Inner coils omitted; stop height
adjusted to the same level on both sides. Spring constant =
17 kip/in.
(2) SINGLE, SEQUENTIAL: Inner coils omitted; one stop adjusted
to higher level. Spring constant = 34 kip/in.
(3) DOUBLE, SIMULTANEOUS: Both inner and outer coils used;
I
I
I
I
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same stop height on both sides. Spring constànt =
21.5 kip/in.
(4) DOUBLE, SEQUENTIAL: Both coils used. Staggered stop
height. Spring constant = 43 kip/in.
After each test the net-section depth d at cleavage initia-
tion (light shàded zone in the photographs of Figs. 8 - 15) was mea-
sured and recorded (Tab le 1).
Auxiliary tests were made in order to obtain the ductile
load-versus-deflection diagram for both steels. The springs were
omitted in these tests. Deflections were measured by means of a
0.001 in. Ames dial gage mounted on the machine crosshead. These
diagrams are shown in Fig. 6.
I
I
I
iV. EVALUATION OF TEST RESULTS
I a) Ductile Load-Deflection Curves
The ductile load-deflection curves for steels AR and Tl
I are shoWh in Fig. 6. From these curves it can be seen that the
I
specimens reached the maximum load after a crack had started to
spread from the base of the notch. The reason for this fact is not
I obvious, even when the strain-hardening character of the steel is
taken into account. The possible cause is that when a dull notch
I becomes a sharp crack, the triaxiality at its root increases suffi-
I
ciently to raise the yield stress. Consequently, the test load
rises even despite the reduction in net section depth. In this re-
I speet, only some studies on elastic-plastic and rigid-plastic barso 11with circular holes and 90 Vee notches are available, and it
I appears from these studies that the biaxial state of stress at a
I
notch raises the ultimate load when the notch is made sharper. This
rise is too small to explain the present test result, but it may be
I
larger when the stress in the third direction is also taken into
account.
I If ductile rupture at the crack is assumed to occur as a
I
certain critical strain is exceeded there, it follows that throughout
the unloading phase, a constant stress acts at that location. With
I further assumptions regarding the distribution of stresses on the
cracked cross-section, it would be possible to predièt the shape of
I the unloading portion of the load-deflection curves. However, such
I
-19-
I
I
I
-20-
I an estimate would be purely speculative, and therefore, the following
observations have been made on the basis of the experimentally obtained
I curves.
I The two tests summarized in Fig. 6 provide an illustration
of the hypothesis which predicts crack instability by consider.ing
I energy balance as explained in Section I. At any stage during the
I
test, the area under the unloading line (2 - 3, for examp le) is a mea-
sure of the recoverable energy stored in the specimen. This amount of
I energy would be released if unloading took place by complete propaga-tion of the crack, whi le the supports remained fixed. Simi larly, if
I only an incremental advance of the crack took place, the slope* of
I
these lines would be a measure of the increment of energy released.
For instance, in the case where the external loads do not move dur-
I
ing crack extension (d~ = 0), Eqs. (1) and (2) yield: dU = ~M.F .dF,
and it can be seen that dU is proportional to M.
I The slope of the load deflection line (4 - 5), on the other
I
hand, characterizes the energy absorption in the process of ductile
cracking, whenever the inelastic portion of the absorption is large
I compared to the purely elastic changes in the internally stored energy.
This fact was implied in Eq. 9, which pertained to the rigid-plastic
I case, where there is no energy stored in the material. In that equation,
I
the s lope of line (4 - 5) is reflected in the term t, which is larger
for a flatter line.
I * lIS lope II refers to
"comp liance", M.
d~ dF
dF' rather than dt' in keeping with the notion of
I
I
I
I
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I To establish this analytically for the fixed-grips condition,
Eq. 7 can be specialized for this condition by letting dt = O. Then:
I 2 dW = F.dÀ + À.dF t.dF
I Line (4 - 5) in Fig. 6 does not correspond to the case of fixed- grips
cracking, but the objective here is to show that its slope governs
I the onset of such cracking. Therefore, to avoid confusion, the abscissae
*
of points on line (4 - 5) wi 11 be denoted by t. The s lope is propor-
tional to the increment dt*, which can be written (from Eq. 6a):I
I dt* = dÀ + F .dM + M.dF
I If it can be shown that F .dt* approximates the above expression for
2 dW, the relationship will have been established. This requires:
I 2 '"F .dÀ + F .dM + M.F .dF = F .dÀ + À.dF - t.dF
I Cancelling F .dÀ and replacing (À - t) dF on the right hand side by
-M.F.dF (by virtue of Eq. (6a)):
I 2 IVM.F .dF + ~F .dM = 0
I or
d (~F~M) ~ 0
I Comparing with Eq. (2), it can be seen that this is equivalent to
I requiring the increments of internally stored energy occurring alongline (4 - 5) to be small.
I From the numerical values reported in part ,p) below, it
I
can be seen that this is indeed the case. The fixed-grips crack ad-
vance considered above gives rise to the phenomenon of ductile crack
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instability observed in some tests; it is no longer possible to gradually
strain the beam in bending and to expect the crack to spread slowly. At
some time during the test, the internally stored strain energy increment
which can be "discharged" on the crack will equal or exceed the incre-
ment of energy required to extend the crack, and this extension will
take place without the participation of the external load system.
It was shown above that the magnitudes of these energy incre-
ments can be visuali?ed by comparing the slopes of appropriate lines in
Fig. 6. For steel AR, the slope of line 1 - 2 - 4 - 5 - 7 is seen to be
always greater than the slope of the elastic recovery lines (such as
2 - 3, 5 '- 6, and therefore, this steel does not exhibit ductile crack
instability. On the contrary, steel Tl showed unstable ductile crack-
ing soon after maximum load, as would be expected from a comparison
of the s lopes of the corresponding lines.
However, one question remains obscure, namely, the reason
for steel Tl to exhibit low energy absorption in this test, while
having good ductility by common standards.
Ductile instability is to be avoided in testing steels by
the method described in this report. This can be achieved by design-
ing specimens such that elastic energy storage will be small compared
to inelastic energy absorption.
b) The Onset of Cleavage
The main purpose of these tests was to induce cleavage frac-
ture in the material and to measure pertinent energy parameters which
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correspond to this change in fracture mode.
As explained in the previous part, a preliminary bending
test (without springs) on steel Xl showed that this material would
be subject to ductile instability before cleavage could be generated.
Nevertheless, a test was performed, with the hope that in a later
stage, the acceleration of the springs might cause the fracture mode
to change. The specimen showed ductile instability followed by rapid
spring release, but despite the high strain rates introduced in this
manner, no cleavage could be started. It was conc luded that the
resistance of this steel to the initiation of cleavage was beyond
the capabilities of this test set-up.
Cleavage was successfully initiated in s~l AR. Test data
are shown in Figs. 8 - 15. The photograph on the right shows the
fractured surface, with the fibrous and crystalline zones clearly
visib le. The oscillographic record on the left shows spring e longa-
tion (ordinates) versus time (abscissae). The white zone at the
beginning of the record corresponds to slow ductile cracking prior
to spring release. It can be seen that the springs accelerate grad-
ually, until a limiting speed is reached (sharp knee on curve). At
this time, cleavage starts and propagates at high speed. Because of
inertial effects, the oscillographic record would be meaningless after
this stage.
In the first three tests, (Figs. 8 - 10) spring release was
allowed to occur just after maximum load. According to the remarks of
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
-25-
few of the tests did not yield significant data. Specimens Nos. 1 and
6 were tested without springs, and data from Nos. 2 and 7 were not
recorded, as these tests were made for exploratory purposes. ¡n
test No.7, cleavage fracture occurred before the shutter could be
opened. In this test, double springs were released simultaneously at
a relatively low load level (16 kip). If the slope of the spring line
for the double, simultaneous release condition (Fig. 7) is compared to
the slope of the specimen curve at the 16 kip load level, it can be seen
that the large difference between these slopes may bring the onset of
cleavage too abruptly. This happened in test No.8 also, and a
picture (Fig. 11) was taken this time. However, no useful informa-
tion was indicated since no gradual acceleration occurre~. The situa-
tion was corrected in subsequent tests by using a stiffer spring
arrangement.
The horizontal lines seen superposed on the oscillograph
record of test No. 11 were accidentally produced during the calibra-
tion of the y-axis signal levels with machine load indications before
the test. The data however, was not impaired.
In order to obtain better data, the sweep frequency was
doubled in tests Nos. 11 and 12. However, this practice failed to
give an advantage in the reduction of data, because it caused the
"knee" in the elongation-time curve to appear less abrupt. Conse-
quently, it was more difficult to decide on the exact elongation at
which cleavage started.
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Another difficulty was introduced by the fluctuation of the
signal amplification ratio. It was observed that under steady input
voltage, the oscilloscope display drifted appreciably over the normal
testing time period (approximately 45 min.).
With these reservations, the values of Wid as calculated by
Eq. (8) (last column in Table 1) show reasonable agreement. These
values are plotted in Fig. 16 against the net section depth d. The
solid li~e represents the average of tests 9, 10, 11, 4, 5, and 3.
Test 12 was not included in the average because it is suspected that
the spring Gonstant used in its calculation misrepresented the actual
stiffness of the spring. at the instant of fracture. In this test,
stops were set to release one spring at a total load of 17 kips and
the other spring at 16.2 kips. Between these two loads, the spring
constant is 43 kips/in; it is half that value below 16.2 kips, when
both springs act in conjunction. The oscillograph record (Fig. 15)
seems to indicate that fracture occurred just after all springs
became active. If this indication is incorrect, then the higher
spring constant should be used in data reduction, and this would
double the final W/c value. The hollow point in Fig. 16 which re-
presents this possibility falls within the scatter band of the other
test results.
In the course of calculating Table 1, it was observed
that the value of W/c was dominated by the rigid_plastic term F.t/c.
This indicates that the elastic strain energy increments may be
ignored in this particular mode of fracture, thus providing a justi-
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fication for the argument advanced in part a) above.
c) The Significance of the Power Parameter
The results obtained in this experimental program are con-
sistent with the physical model adopted in earlier parts of this
report. This model aesumes that the ductile crack advances as the
material at the crack tip is deformed to its limiting strain. This
limit of ductility on one hand, and the susceptibility of the material
to cleavage initiation on the other, are two properties which exist in-
dependently, since the latter phenomenon is assumed to obey a criterion
of critical stress. (An example is provided by the case of stee.1Tl,
which could sustain less strain before ductile separation, but had
several times the resistance of steel AR against cleavage initiation).
The model further assumes that the entire net-section de-
forms ineiastically under ~ar-constant stress while the ductile crack
is advancing. Therefore, the measured power value is absorbed not in
the immediate vicinity of the crack tip, but over the whole net sec-
tion. Division by the net-section depth "normalizes" this to a unit
area. Thus, although it does not take separate account of the vari-
ables which may reach critical values at the crack tip, (such as
loca 1 stress, local strain) the power parameter expresses their com-
bined effect in resisting cleavage. As such, it may be used in com-
paring different grades of steel for a given application in the same
way as the commonly used tests of the "transition temperature" type.
In addition, it may be possible to use this model in the design of
structures subjected to blast loading, when it is desired to preclude
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the possibility of brittle failures. A dynamic analysis may indicate
the power consumed in a plate of given strength when it is plastically
strained by impulsive loading. If, at any time, this power consumption
rises above the critical level for cleavage initiation, the cracks pre-
sent in the material (whatever their length), may be eKpected to trigger
cleavage fractures.
Two important factors not considered in this discussion are
temperature and plate thickness. The effect of temperature may be
separately investigated by a series of tests, or theoretically combined
in the power parameter through the known equivalence of thermal and
velocity effects (equations of state). The thickness of the plate
plays an important role by bringing about a transition in the position
of the slip planes in ductile fracture (450 with the plane of the plate
in thin plates, with the plane of the crack in thick plates). This will
reflect on the apparent value of power absorption, but can be separately
treated by using two different values, each associated with the particu~
lar mode of deformation. The tests reported in this work were made in
thick-plate (plane strain) conditions.
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v. SUMY
The purpose of this study was to seek a parameter which is
consistent with the concepts developed in Fracture Mechanics and which
governs the onset of cleavage fractures in steel.
¡he process of ductile fracture is examined, and an addition
is made to the existing energy-absorption-rate formulas in order to
take inelastic deformation work into account. This energy parameter
is converted into a power parameter, in order to reflect the effect
of strain rate.
Tests are described in which the quantities necessary for
the calculation of the power parameter are measured and recorded. It
is shown that a constant value of the parameter results, regardless
of fracture load or crack length.
A case is examined in which it was not possible to perform
the test in the proposed manner because of interference from ductile
crack instability.
Possible uses of the power parameter and its limitations
are discussed. It is pointed out that this parameter predicts cleav-
age, not by direct consideration of local conditions at the crack tip,
but from the overall performance of a cross-section containing an ad-
vancing crack. Therefore, applicability is limited to the cases where
slow ductile tear precedes (and provokes) the brittle condition.
Another field of application is the comparative evaluation of steels
with respect to their susceptibility to cleavage initiation.
-29-
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